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An improved perturbation potential based lower order panel method is applied to 
the three dimensional problems of flow around ducts and ducted propellers. One 
significant development of this method is the application of full wake alignment scheme 
in which the trailing vortex wake sheets of the blades are aligned with the local flow 
velocity by also considering the effects of duct and duct wake. A process of repaneling 
the duct is simultaneously introduced to improve the accuracy of evaluation of the 
method. The results from the improved wake model are compared with those from a 
simplified wake alignment scheme (PSF-2 type scheme). At the same time, full-blown 
RANS simulations of the three dimensional problem are conducted. The forces, i.e. thrust 
and torque on the propeller predicted by the present panel method under the improved 
wake alignment model show good agreement both with experimental measurements, a 




blown RANS simulations. Moreover, detailed pressure distribution on the blades and 
duct are compared among the various methods. 
The interactive method which couples the lower order panel method with a two 
dimensional boundary layer solver through a wall transpiration model is also introduced. 
An assumption of two dimensional flow is made on the individual stations of a three 
dimensional geometries and the coupling is applied in a stripwise manner by including 
the interaction effects from other strips. The interactive method is then validated through 
the cases of bare ducts and ducted propellers. An important improvement is also made on 
the extension scheme for hydrofoils and propeller blades with blunt trailing edge. A more 
physical criterion has been established for determining the location of cut planes or the 
starting points of the extension. The extension scheme is applied to both axisymmetric 
problems and fully three dimensional problems. Correlations of results with experimental 
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As a viable alternative of propulsion, ducted propellers can produce higher 
efficiency than open propellers particularly at high loading conditions or low speeds. The 
utilization of ducted propellers can be found in many types of marine vehicles and 
structures such as the floating production storage and offloading (FPSO) and liquid 
natural gas (LNG). The duct surrounding the blades can provide extra benefits: compared 
to open propellers, the propellers bounded by the duct become less sensitive to ambient 
flow and more resistant to environmental debris.  
Satisfactory predictions of the performance of ducted propellers have been a 
significant concern in the marine industry for a long time. Full blown Reynolds Averaged 
Navier-Stokes (RANS) simulation, though can provide reliable results, is considered to 
be numerically too expensive especially at the design stage. Additionally, the RANS 
simulations require significant time in setting the proper grid. Boundary element methods 
are found to be an ideal alternative since they do not require the discretization of the 
whole fluid domain and therefore are much more computationally efficient. Hess et al. 
(1964) published the pioneering work of panel method. Since then, a large number of 
panel codes have been proposed. Subsequently, Gibson and Levis (1973), Hess et al. 
(1985) developed the panel method for the specific applications of marine propellers. 
Morino et al. (1974) introduced a panel method based on Green’s formulation in which 




investigation of panel methods for a more suitable formulation for simulations of marine 
propellers. 
The free vortex sheets shed from the trailing edge of a propeller blade are material 
surfaces, which have to be aligned with the local flow velocity. The influence of the wake 
shape on the prediction of propeller performance was initially discussed by Kerwin and 
Lee (1978). After that Greeley et al. (1982) proposed a fast scheme of wake alignment 
denoted as PSF-2 wake alignment. In this scheme, the trailing wake shape of a propeller 
subjected to axisymmetric inflow is investigated through an iterative vortex lattice 
method. The correct pitch of the wake geometry is firstly calculated at some points in the 
wake area, after which the wake geometry is updated by adopting the newly computed 
pitch distribution. The process continues until a convergence on wake geometry is 
achieved. Kinnas and Pyo (1997) improved this scheme such that it is applicable to the 
problem of a propeller subjected to inclined inflows. The influence of the shaft 
inclination on the velocity within the wake area has been included and the predicted 
performance agreed quite well with experimental data. Later Pyo and Kinnas (1997) 
developed a high order panel method by adopting biquadratic dipoles on the trailing 
vortex sheet. This method, though produced good prediction of the roll-up characteristic 
of the wake and the force performance around design advance ratio, was relatively more 
time-consuming than lower order method. More recently Lee and Kinnas (2004) 
implemented an unsteady wake alignment scheme based on lower order panel method. 
The method introduced a finite core tip vortex at the tip of the wake sheet and it was 




cavitation on hydrofoils and marine propellers. Tian and Kinnas (2012) presented a wake 
alignment model based on a pseudo-unsteady scheme for a lower order panel method. 
The scheme is validated with experiments and RANS results in the case of propellers at 
both design loading condition and high loading conditions. 
To include the effects of viscosity into consideration is a common concern when 
modeling ducted propellers with boundary element methods. Usually this is addressed by 
coupling inviscid formulation of boundary element methods with either two dimensional 
or three dimensional boundary layer solvers. Drela (1989) initially developed the 
coupling of a vorticity based panel method with a two dimensional boundary layer solver, 
XFOIL, for the problems of airfoils. Milewski (1997) made the coupling more physical 
by applying three dimensional boundary layer solver rather than two dimensional ones. 
However it was proved to be much too time-consuming for solving the three dimensional 
boundary layer equations.  Hufford (1992, 1994) simplified the coupling by applying a 
two dimensional boundary layer solver where the boundary layer equations were solved 
in a stripwise manner and three dimensional sources were placed on the targeted 
geometries to partially resolve for the three dimensional effects. Sun (2008) as well as 
Sun and Kinnas (2008) further simplified the coupling by adopting two dimensional 
sources rather than three dimension sources as used in Hufford’s method and neglecting 
the effects from other geometric strips. Yu (2012) and Kinnas et al. (2012) developed a 
coupling scheme where three dimensional sources were applied and the extra effects from 




improved Yu’s scheme by including important interaction terms between strips which 
were previously neglected. 
1.2 Objective  
 
The main objective of this thesis is to develop a more reasonable wake model for 
the present boundary element method by aligning the wake panels with the local flow 
velocity and including the effects of all the singularities on blades and duct and achieve 
satisfactory correlations on general force as well as detailed pressure distribution with 
experimental measurements and full blown RANS simulation. 
1.3 Organization 
 
This thesis is organized into six chapters. 
Chapter 1 contains the literature review, the objective and the organization of the 
current work. 
Chapter 2 introduces the inviscid formulation of the lower order panel method, the 
two dimensional boundary layer solver coupled with the panel method and the iterative 
algorithm of the coupling for two dimensional problems.  
Chapter 3 demonstrates the coupling of a three dimensional panel method with a 
two dimensional boundary solver for three dimensional problems. The method takes the 
assumption that the boundary layer growth in the spanwise direction is negligible and 




Chapter 4 presents in details the improved wake alignment model which aligns the 
vortex wake sheet with local flow velocity. The validity of the wake model is firstly 
confirmed within a bare duct case.  Then the present panel method with the improved 
wake model is applied in two cases of ducted propellers. The effects of viscosity are not 
involved at this stage. The overall forces, i.e., the thrust and torque predicted by the 
present method are correlated with experimental measurement, a hybrid method also 
developed by the Ocean Engineering Group at UT Austin which is also introduced by 
Tian et al. (2015). The method couples a potential flow based vortex lattice method 
(VLM) with an axisymmetric swirl RANS solver and full blown RANS simulations. The 
pressure distribution on the blades and duct are also investigated for future cavitation 
flow simulation. 
Chapter 5 shows the validation of the coupling of the lower order panel method 
with a two dimensional boundary layer solver through different cases of bare ducts and 
ducted propellers. An improved extension scheme has been introduced into bare ducts 
with blunt trailing edge or ducted propellers with non-zero trailing edge duct such that the 
coupling method could be applied to account for the recirculation zone in the vicinity of 
the blunt trailing edge. 
Chapter 6 summarizes the work of this thesis and puts forward recommendations 






Chapter 2 Two Dimensional Viscous/Inviscid Interactive Method 
 
In this chapter, a summary would be made on the 2-D viscous/inviscid interactive 
method, as also introduced by Yu (2012) and Purohit (2013). The method couples a two 
dimensional perturbation potential based panel method with a two dimensional integral 
boundary layer solver to resolve the viscous flow around two dimensional geometries. 
The chapter starts with the introduction of the 2-D lower order potential based 
panel method. The 2-D integral boundary layer equations are presented next. Then the 
wall transpiration model which connects the panel method and the boundary layer solver 
is introduced. Finally the coupling algorithm through the wall transpiration model is 
discussed. 
2.1 Inviscid Formulation 
 
 Governing Equations 2.1.1
 
In the perturbation potential based lower order panel method used in this thesis, 
sources and dipoles of constant strength are assumed on each panel of the blades, duct as 
well as the trailing wakes. 
Consider the flow field shown in Figure 2.1 where a two dimensional hydrofoil is 
in presence. The total velocity of the flow field is decomposed into two components: the 
inflow velocity and the perturbation velocity due to the presence of obstacles such as the 




         (2.1) 
where   is the total velocity,     is the inflow velocity and   is the perturbation velocity.  
       (2.2) 
where   is the perturbation potential.  
The perturbation velocity field is then governed by the following Laplace equation: 
       (2.3) 
If the flow is irrotational, the total potential        can also be defined by  
           (2.4) 
 
 
Figure 2.1 Diagram of the paneling on a 2-D hydrofoil and its wake 
 
 Boundary Conditions 2.1.2
 
Since the flow cannot penetrate the solid surface of the hydrofoil shown, Equation 
(2.5) needs to be met as the kinematic boundary condition: 
   
  
         (2.5) 




In addition there should be no effect of hydrofoil when the point of interest is far 
away from the hydrofoil, that is, the induced perturbation velocity there should be zero. 
        (2.6) 
 On the other hand, as a free vortex sheet shedding from the trailing edge of the 
hydrofoil, the wake is a material surface that cannot bear pressure jump. Kutta condition 
is here applied, implying that the velocity at the trailing edge is of finite magnitude: 
           at TE (2.7) 
 Boundary Integrated Form of Equation 2.1.3
 
By applying the Green’s second identity, the Laplace equation (2.3) can be 
reformatted as 
   
 
 ∬ [   
       
   
 
   
   
      ]   
  
 ∫    
       
   




  ,    : the solid surface of the hydrofoil and the surface of the trailing edge wake.  
     :  control point and variable point on the boundary.  




        is the Green’s function which has the form of 
          
  
 in two dimensional 
problems and the form of  
 
        
 in three dimensional problems. Here        is the 
distance between the points   and  . 
The physical meaning of equation (2.8) is that the perturbation potential at a point 
  is attributed by the potentials induced by sources of strength 
   
   
 and dipoles of strength 
   on the hydrofoil surface and dipoles of strength     on the trailing edge wake. 
 Discretized Form of Equation 2.1.4
 
Assume that the hydrofoil in Figure 2.1 is discretized into   straight panels and 
its trailing edge wake into    panels by certain spacing law. The boundary integrated 
equation (2.8) can thus be discretized into the following form: 
 
∑     
 
   






   
       (2.9) 
    : dipole influence coefficient of panel   on control point   
    : source influence coefficient of panel   on control point   
   : dipole influence coefficient of the trailing edge wake on control point   
For 2-D steady state problems, equation (2.6) leads to the modified Morino-Kutta 




       
    
         (2.10) 
   : inflow velocity locally at the trailing edge of the hydrofoil 
     vector from the control point of (-) panel to the (+) panel at the trailing edge 
The term        is negligible as long as the solid surface is sufficiently 
discretized and a small angle of attack is in presence.  
By substituting (2.10) into (2.9) and neglecting the term of       , (2.9) can be 
organized into the following discretized equation: 
 
∑     
 
   






   
 (2.11) 
In which the effects of the wake have been included through updating the dipole 
influence coefficient by the hydrofoil from     to    . 
2.2 Viscous Formulation 
 
 A 2-D wall transpiration model is applied in order to include the effects of 
viscosity. The lower order panel method is coupled with a 2-D integral boundary layer 
solver through the term of edge velocity. 
 2-D Wall Transpiration Model 2.2.1
 
 As shown in Figure 2.2, blowing sources which induce normal velocity on the 
surfaces are added into the inviscid formulation of the panel method. The surrounding 




The blowing sources should be granted with proper strength so that the edge velocity    
at     is the same as that in the viscous flow. By applying the steady Bernoulli 
Equation and the boundary layer theory, it can then be deduced that the pressure at the 
point   is the same as that at the point  in the viscous flow. That is, the equivalent 
inviscid flow shares the same pressure distribution with the real viscous flow. 
 
Figure 2.2 Diagram for wall transpiration model, adjusted from Figure 2.1 of Yu (2012) 
 
 Expression of Edge Velocity 2.2.2
 
 By taking into account the effects of blowing sources, (2.11) is updated into 
 
∑     
   
 
   






   
 ∑      
    
   
 (2.12) 
    : analogous to    , which is the the source influence coefficient on control point   by 
panel   of the foil and wake. 





    : viscous potential which is the expression of perturbation potential after taking into 
consideration the effects of blowing sources 
The blowing source is directly associated with the boundary layer parameters 
displacement thickness and edge velocity as follows: 
 
  







    : edge velocity or viscous velocity 
   : displacement thickness 
  : mass defect due to the boundary layer 
 Equation (2.12) can be formed into a matrix form as 
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        (2.16) 
The total potential in the case of viscous flow should be the sum of the inflow 
potential and the viscous perturbation potential: 
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*       
      
         
       
          
       
       
(2.17) 
Where       . It can be seen that the viscous total potential can be obtained by 
adding the induced potential by the blowing sources   to the inviscid total potential. 
Differentiating the viscous total potential along the streamwise direction of the 
hydrofoil will give the viscous velocity or edge velocity. 
 
     
       
   
  
 
                         
       












    
 
  
    
 
  
       (2.19) 
(2.18) states that the viscous velocity      is the sum of the inviscid velocity      
and the induced velocity by the blowing sources   . It should be noted that the inflow 
potential    does not exist in the case of rotational inflows. Even though the derivation 
of (2.18) uses the inflow potential    , it is still general and valid for cases with or 
without the inflow potential. This is because (2.16) is an expression in terms of velocity 
instead of potential as mentioned by Yu (2012).  
The potential as well as velocity on the trailing vortex wake can be derived in a 
similar way. Firstly the viscous perturbation on the wake can be obtained as the sum of 
the influence of sources and dipoles on the hydrofoil and the blowing sources on the 
hydrofoil and the wake. 
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  (2.20) 
Where    
   is the dipole influence coefficient on the control point   of the wake by the 
panel   on the hydrofoil;     
  is the source influence coefficient on the control point   on 
the wake by the panel   on the hydrofoil;     
  is the source influence coefficient on the 
control point   on the wake by the panel   on the hydrofoil or on the wake. 
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(2.22) 
The total viscous potential on the wake can be derived as: 
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(2.23) 
The edge velocity on the wake can similarly be deduced by differentiating the 
total viscous potential in (2.22) in the streamwise direction: 
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(2.18) and (2.25) can be written in a general form as 
                  (2.26) 
Where 
                            
                                           
(2.27) 
 
2.3 2-D Coupling Algorithm 
 
 The inviscid panel method is coupled with a two dimensional boundary layer 
solver XFOIL. The 2-D integral boundary layer equations involved in XFOIL is listed 
and the coupling algorithm is then explained in details. 
 2-D Integral Boundary Layer Equations 2.3.1
 
 Momentum Equation 
   
  
      
 
  






 Kinetic Energy Equation 
 
 
   
  
        
 
  
   
  










Closure for laminar flow 
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 (2.30) 
Closure for turbulent flow 
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 Coupling Procedure 2.3.2
 
According to (2.24), the edge velocity is dependent on the blowing sources on the 
body surface and wake. On the other hand, the blow source strengths themselves are 
unknown. An iterative algorithm for two dimension viscous/ inviscid interactive method 
is proposed and its principles are presented. 
Firstly the inviscid panel method is performed and the inviscid velocity      is 
used as an initial guess for the edge velocity in the viscous formulation. Then the two 
dimensional integral boundary layer equations are solved for boundary layer parameters 
and the edge velocity can then be updated based on (2.24). The iteration continues until a 
convergence is reached. The details are shown in the following flowchart. 

















Chapter 3 Three Dimensional Viscous/Inviscid Interactive Method 
 
In this chapter, a summary of the lower order panel method for three dimensional 
problems, as also introduced in Yu (2012) and Purohit (2013), is provided. In order to 
resolve the effects of viscosity, the panel method is coupled with a two dimensional 
integral boundary layer solver which is also mentioned in the last chapter. Unlike in 2-D 
problems, in 3-D problems, it would be computationally too intensive to solve for the 
exact 3-D boundary layer structures through 3-D integral boundary layer equations. For a 
3-D geometry like a blade, the present coupling method takes the assumption that the 
boundary layer growth along the spanwise direction is negligible compared to that in the 
chordwise direction. To take into account the three dimensional characteristics, the 
effects from other strips are included. 
3.1 Three Dimensional Formulation 
 Edge velocity on the Body 3.1.1
Given a three-dimensional body such as the duct in Fig.3.1, where the duct 
surface is divided into   panels in the chordwise direction and the trailing edge wake is 
divided into    panels in the streamwise direction. Both the duct surface and the wake 





Figure 3.1 Paneling of a 3-D geometry in the viscous/inviscid interactive method 
 
 In this problem, since the interaction between different strips should be taken into 
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  (3.1) 
Where     is a matix of size     which indicates the dipole influence coefficients of 
panels at strip   on the control points at strip  . 
 
    [   




   
     
  
   
     
  
    
  
    
  
  
   
     
  
  





   
 (3.2) 
   
  




       is a vector of size     indicating the inviscid perturbation potential at strip  . 
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 is the inviscid perturbation potential at panel   of strip  . 
    is a matrix of size     and includes the source influence coefficients of panels at 
strip   on the control points at strip  . 
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 (3.4) 
   
  
 is the source influence coefficient of panel   of strip   on control point   of strip     
   is a vector of size     including the source strength at the strip  . 
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 is the source strength at panel   of strip    
The discretized form of viscous formulation can be derived in a similar manner as 
used in Chapter 2, that is, by placing blowing sources of proper strength on the body 
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Similar to         is a matrix of size          and includes the blowing 
source influence coefficients of panels at strip   on the control points at strip  . 
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 (3.7) 
   
  
 is the source influence coefficient of panel   of strip   on control point   of strip     
   is a vector of size          including the source strength at the strip  . 
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By looking at Equations (32) and (37), the viscous formulation can be related to 
the inviscid formulation as follows: 
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Along a specific strip  , the following equations can be deduced: 
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(3.13) 
Let                              , we then have  
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(3.14) 
The term ∑             
               stands for the effects of interaction 
between strips. It can be seen that the viscous total potential can be obtained by adding 
the induced potential by the blowing sources and the interaction term of viscous potential 
between strips to the inviscid total potential. Differentiating the viscous total potential 
along the streamwise direction of the body will give the viscous velocity or edge velocity. 
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Where    represents the differentiation matrix along the streamwise direction of strip  . 
Let                     
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(3.16) 
The viscous potential on the wake can be obtained by summing the induced 
potential by the source and dipole on the body, the dipole on the wake and the blowing 
source on the boy as well as wake 
 Edge velocity on the wake 3.1.2
 
The viscous perturbation potential on the trailing edge wake is induced by the 
dipoles and sources on the body, the blowing sources on the body and wake, which, for a 
wake strip  , can be expressed as: 
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(3.18) 
Accordingly the edge velocity on the wake can be expressed as the differentiation 
of the total viscous potential in the streamwise direction: 
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(3.19) 
By substituting Equation (43) into (50), we can have 
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3.2 Coupling Procedure 
 
 Unlike the coupling procedure in the 2-D problem which is quite straightforward, 
the coupling algorithm is performed in an iterative manner because of the interactive 
effects between different strips. 
 The iterative algorithm is introduced in details as following: 
 STEP 1: solve for the inviscid velocity as the initial guess of the edge velocity. 
 STEP 2: calculate the displacement thickness    from the edge velocity 
distribution on each strip through the two dimensional boundary solver equations. 
 STEP 3: calculate the blowing source strength   with the edge velocity and 
displacement thickness on each strip. 
 STEP 4: update the edge velocity with the calculated blow source strength. 
 STEP 5: go to STEP 6 if the converged solution is achieved at each strip. 
Otherwise go back to STEP 2. 
 STEP 6: update the viscous potential on the body and wake at all strips. 
 STEP 7: update the edge velocity at all strips by taking into account the 
interaction terms between strips and bodies. 
 STEP 8: continue to STEP 9 if a convergence of edge velocity is obtained. 
Otherwise return to STEP 1 for new iterations. 




Chapter 4 Wake Alignment Scheme 
 
The free vortex sheets shedding from the trailing edge of a propeller blade are 
material surfaces, which have to be aligned with the local flow velocity. A lot of 
researches have been carried out on the alignment scheme of the trailing wake sheet since 
a reasonable representation of the wake is of crucial significance for the calculation of 
induced velocities on the blade surface and hence the overall loading on the propeller.  
In this chapter, the full wake alignment scheme presented by Tian and Kinnas 
(2012) is improved by taking into account the additional effects of singularities on the 
duct as well as the duct wake. The basic algorithm of the scheme will be introduced. 
Since the wake geometry continues to be updated in this scheme, it is important to 
repanel the duct, which will also be addressed. After that the reliability of the full wake 
alignment model will firstly be validated through the case of a bare duct subjected to 
uniform inflow. Correlation of flow velocity would be made at several selected field 
points between the lower order panel method and axisymmetric RANS simulations. It 
should be noted that the effects of viscosity is not included at this stage. 
The improved wake alignment scheme is then applied into two more challenging 
cases: a ducted propeller with round blade tip and a ducted propeller with square blade 
tip. In these two cases, the panel method with two different wake models: PSF-2 type 
scheme and the improved full wake alignment scheme would be correlated with 
experimental measurements, a VLM/RANS coupling method to be introduced later in 





4.1 PSF-2 Type Alignment Scheme 
 
 The PSF-2 wake model was originally developed by Kerwin (1981) and then 
extended by Greeley et al. (1982). In this model the trailing vortex wake is composed by 
the parts of a transition wake and an ultimate wake. The detailed procedure of PSF-2 
alignment is presented as follows. 
At the first step, the trailing vortex lines at the most inner and outer end of the 
transition region are aligned with the computed flow. The trailing vortex lines in between 
are determined through interpolation. The axial and tangential locations of the vortex 
lines are computed with the induced velocity by the propeller. On the other hand, the 
radial location of the vortex lines is dependent on the contraction of the transition wake at 
the tip and the radius of the ultimate wake and the roll-up of the wake is suppressed. The 
ultimate wake pitch is calculated by the method by Loukakis (1971) where the ultimate 
wake is assumed to extend infinitely upstream and downstream.   
 
4.2 Full Wake Alignment 
 
 Basic Algorithm 4.2.1
 
A summary of the work on full wake alignment model of Tian and Kinnas (2012) 
will be presented in this part. In the model of full wake alignment, the corner points of 
the wake panels are aligned with the local flow velocity. Consider a field point under 




radial coordinates and let    be the parameter related to grid size in the streamwise 
direction and hence the size of time step for iteration.  
 By aligning the wake with the inflow, the coordinate of the consequent point can 
be calculated as: 
 
        
     
 
  
         
           
(32) 
Where   is the radius of the propeller,    is the advance ratio of the propeller. 
In the local Cartesian system on the segment relating the         and the 
consequent     point, the direction of the effective inflow can be derived as: 
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 (33) 
Where     is the segment between the         and     point. It can be expressed in the 
local Cartesian system as: 
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Let the averaged perturbation velocity expressed as  
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It can be decomposed into two velocity components: the velocity component 
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(36) 
 By defining     |   |   ̂           + |  |  and        
  we can finally 
derive the algorithm for full wake alignment in the problem of marine propellers. 
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(37) 
Where   
  stands for the coordinate of the     point at the     time step 
 In the problem of steady analysis, the alignment scheme continues updating the 
geometry of the wake without solving for the perturbation potential until the criterion of 
convergence is met or the maximum number of iterations is reached. The dipole influence 
coefficients by the trailing wake are then reevaluated. If the repaneling of duct, as will be 
introduced shortly, is involved, the source and dipole influence coefficients by the duct 
also need to be recomputed. Once the reevaluation of the influence coefficient is finished, 
the perturbation potentials on the blades, the duct and the wake are solved for. This 
process will continue until the convergence of wake shape and force performance, 
normally thrust and torque is achieved. 
 
 Repaneling of the Duct 4.2.2
 
 In the improved full wake alignment scheme, the wake geometry is updated 




is aligned with the updated wake after a converged wake shape is achieved at each 
iteration. As aforementioned, besides the influence coefficients due to the wake, the 




Figure 4.1 Global (upper) and local (lower) view of the repaneling of duct in the 
procedure of full wake alignment. The blade wake is at the same pitch with the duct 




 Further improvement related to duct repaneling can be achieved by collapsing the 
duct panel nodes with the nodes along the blade wake tips, as can be observed in Figure 
4.2. It may further help to improve that efficiency of the present panel method, especially 
in terms of stability of results. 
 
Figure 4.2 Demonstration of collapsing the duct panel nodes with the nodes along the 
blade wake tips. Note that the panel nodes on the duct and blade wake match. 
 This procedure, however, requires some more careful treatments. Firstly, the 
paneling in the mid part of the duct normally needs to follow the blade panel distribution 
in which cosine spacing is usually applied for better resolution of the blade leading edge 
and trailing edge. Thus there will be an abrupt transition of panel size from the last panel 
of the mid part to the first panel to the aft part of the duct. Besides since the panel size in 




large size near the trailing edge of the duct, causing some problem of satisfying the 
iterative Kutta condition within the present panel method. 
 
 Treatment of Panel Penetration 4.2.3
 
 In the improved full wake alignment scheme, the radial component of the local 
velocity within the wake is not constrained to zero for more physical representation of the 
wake geometry. However in some cases this might lead to the penetration of the wake 
panels on the pressure side or even the suction side of the duct, resulting into unrealistic 
results and crashing of the code. To avoid this situation, the part of the wake which 
penetrates the duct is cut off with the duct inner surface through cubic spline interpolation 
along the duct inner surface. Further interpolation is required to reallocate the locations of 
the corner points of the wake panels. 
      





    
Figure 4.4 The paneling of the wake after resolving the problem of panel penetration 
 
4.3 Flow Field inside the Duct 
 
Before applying the improved full wake alignment scheme to more complicated 
problems, it is important to ensure that the evaluation of additional effects of the 
singularities on the duct and its trailing wake is correctly added into the scheme. The 
validation is carried out in the problem of a bare duct subjected to uniform inflow as 
shown in Figure 4.5. The duct shape was adjusted to avoid separation when operating 
without the propeller. The flow velocity induced by the duct is evaluated at points with 






Figure 4.5 Demonstration of the problem of a bare duct subjected to uniform inflow and 
the points selected for evaluation 
 
The velocity computed by the present panel method at the space points shown in 
Figure 4.5 are correlated with that from RANS axisymmetric simulation. It should be 
noted that the effects of viscosity is involved in the RANS simulation, while it is not in 
the panel method. Good correlation has been observed at different locations. 
On the other hand, it is also important to ensure that the panel method with full 
wake alignment is grid independent. In Figure 4.7, the calculated velocity at the selected 
points by the panel method with different panel numbers is shown. The number of 
chordwise panels is varied while the number of circumferential panels is maintained the 
same. As expected, the results from different paneling conditions collapse into each other 
and it is convincing that the improved full wake alignment can be applied to more 










Figure 4.6 The correlation of the axial velocity of the flow at selected points between 



















































































4.4 Ducted Propeller with Round Blade Tip and Sharp Trailing Edge Duct 
 
In this part, the present lower order panel method would be applied to the case of 
ducted propeller with round blade tip and a sharp trailing edge duct. Two different wake 
alignment models will be involved: PSF-2 type wake model and full wake alignment 
scheme which has already been introduced in details. 
At the same time, a hybrid method developed by the Ocean Engineering Group 
that couples an axisymmetric swirl RANS solver with a potential flow solver applied for 
the same case. In addition, full blown RANS simulations will be performed with 
sufficient spatial resolution in ANSYS Fluent and Star-CCM+.  
The overall force performance predicted by the lower order panel method will be 
correlated with that from the RANS/VLM coupling method, the full blown RANS 
simulation as well as experimental data. Furthermore, the pressure distribution on the 
blade and duct surface is of equal significance and detailed correlations will be carried 
out among these methods. 
The geometry of the ducted propeller and the 2-D section of its duct are indicated 
in Figure 4.8. It is a 4 bladed propeller with round blade tip and bounded within a sharp 
trailing edge duct. The design advance ratio    of this propeller is around 0.40. A 




            
Figure 4.8 The three dimensional geometry of the round tip ducted propeller and the two 
dimensional section of the sharp trailing edge duct 
 
 Lower Order Panel Method 4.4.1
 
For the lower order panel method, 80 20 (chordwise spanwise) and 200 80 
(chordwise circumferential) panels are used to respectively represent the blade and duct 
surface. Two wake models, PSF-2 wake model and full wake alignment (FWA) scheme, 
are adopted. For all advance ratios, PSF-2 scheme trimmed the blade wakes at 2R 
downstream with an ultimate wake disk, while the full wake alignment scheme models 
blades wakes of one revolution. It respectively takes about 30 minutes and 3 minutes for 
full wake alignment and PSF-2 wake model to complete the run on a single core of Intel 
Xeon 2.54 GHz CPU. The wake geometry generated by the two models at    0.3, 0.4 





Figure 4.9 Wake geometry generated from PSF-2 wake model at   =0.30 
 
 





Figure 4.11 Wake geometry generated from PSF-2 wake model at   =0.40 
 
 





Figure 4.13 Wake geometry generated from PSF-2 wake model at   =0.50 
 
 




Clearly at low advance ratios, the characteristics of roll-up can be observed from 
the wake sheet generated by the full wake alignment scheme. On the other hand, PSF-2 
wake model does not predict the contraction of the transition wake radius. The 
contraction rate of the transition wake is a user input parameter in PSF-2 alignment 
model and it is set to zero since this parameter differs from case to case.  
 As will be seen shortly in the figure of force comparison, at low advance ratios, 
whether contraction of the wake radius has been correctly predicted (Full Wake 
Alignment) or not (PSF-2 type scheme) will significantly affect the predicted total 
performance of the propeller. 
 
 RANS/VLM Coupling Method 4.4.2
 
 The RANS-VLM coupling method, developed by the Ocean Engineering Group 
at the University of Texas at Austin, couples a potential flow based vortex-lattice method 
(VLM) with an axisymmetric-swirl RANS solver. The iterative algorithm of the coupling 
method is as follows. As the first step, the VLM solver is executed to produce the data of 
pressure and area within the flow field, which is then used for calculation of time-
averaged body force. The body force is added as source term into the momentum 
equation of the axisymmetric-swirl RANS solver. The gridding in the RANS solver is 
usually much denser than that in the VLM solver. A robust scheme has been developed 





A propeller induced velocity is calculated by the VLM solver at the first step and 
a total velocity is subsequently extracted from the RANS simulation. Afterwards an 
effective wake is calculated by subtracting then propeller induced velocity from the total 
velocity. This effective wake is then used as the inflow for the next iteration. The 
iterations continue until convergence of force performance is achieved.   
 
Figure 4.15 Flowchart for the iterative RANS-VLM coupling method 
 
Shown in Figure 4.16 is the geometry and gridding of ducted propeller in the 
potential flow solver. Image model has been adopted for the duct and the inner surface of 
the duct is only used for analysis. 20 18 (chordwise spanwise) panels is used to 





Figure 4.16 Geometry and paneling of the ducted propeller in potential flow solver 
 
Figure 4.17 shows the axial component of the effective wake     from the final 
iteration. Since the inflow velocity far upstream is 1.0m/s, it can be clearly observed the 
inflow is accelerated by the duct. 
 




 The body force calculated with the data of areas and pressures from the potential 
flow solver is added into the momentum equation as a source term. To ensure an accurate 
interpolation of body force in RANS solver, the gridding in the RANS solver is generally 
much denser than that in the potential flow solver. 
       
Figure 4.18 Gridding and the interpolated body force in the RANS solver 
 
 Full Blown RANS simulation 4.4.3
 
 The full blown RANS simulation are performed within ANSYS Fluent as well as 
Star-CCM+ in which periodic interfaces have been applied such that for the present 
propeller only a quarter of the whole fluid domain is necessary for further simulation. In 
addition, to better resolve the boundary layer structures on the blades and duct, structured 
meshing model has been adopted. The same gridding model has been used for the trailing 
wake of the blades and duct in order to reduce the possible artificial diffusivity. Shown in 
Figure 4.19 is the fluid domain as well as the boundary conditions used in Star-CCM+. 
Figure 4.20 presents the gridding on the duct and blade and a good resolution of 





Figure 4.19 The fluid domain and boundary conditions used in the RANS simulation 
 
 





As also listed in the Table 4.1, k-ω SST turbulence model is adopted. QUICK 
scheme is used for the spatial discretization and SIMPLEC scheme for the pressure 
correction. Over 5 million polyhedral cells are used to simulate a quarter of the domain 
with periodic boundary condition. It takes over 30 hours on 32 Intel Xeon 2.54 GHz 
CPUs for the residuals converged to 1.0E-6. 
Cell number Over 5 million 
Reynolds number 1.03E+6 
Turbulence Model k- ω SST 
Pressure Correction Scheme SIMPLEC 
Spatial discretization QUICK 
CPU Type Intel Xeon 2.54 GHz CPU 
Total time for calculation (32 CPUs) Over 30 hours 
 
Table 4-1 Parameter setting in the RANS simulation 
The flow characteristics have been addressed at the design loading condition 
  =0.40 within two sample sections: a plane section along the axial direction (   
 ) and 
a cylindrical section of         . The distribution of vorticity magnitude within the 























   
 









4.4.4.1 Force Performance 
 
 The overall forces, i.e. thrust and torque predicted by the lower order panel 
method with the improved full wake alignment scheme are correlated with that from 
experimental measurements, the RANS/VLM coupling method and the full blown RANS 
simulation, as shown in Figure 4.23. 
where 
 
    
  






   
 
     
 (39) 
   – Fluid Density 
  –  Propeller Rotational Frequency (rev/s) 
  – Diameter of Propeller 
   – Thrust on the Blades 









Figure 4.23 Correlation of the lower order panel method about the thrust on the blades 































Figure 4.24 Correlation of the lower order panel method about the torque on the propeller 



































 It is found that the predicted force from the panel method with either wake model 
agree well with both experimental data, the full blown RANS simulations and the 
RANS/VLM coupling method at high advance ratios. However, as the advance ratio 
becomes smaller, the force predicted by the PSF-2 type scheme starts deviating from that 
from other methods. At the same time, the force from the full wake alignment model is 
still in good agreement with those predicted by the other methods. 
4.4.4.2 Detailed Pressure Distribution  
 
 Figure 4.25-Figure 4.30 present the detailed correlations of pressure distribution 
on the propeller blades under three different loading conditions: high loading condition 
(Js=0.30), design loading condition (Js=0.40) and low loading condition (Js=0.50). For 
each loading condition, two radial blade sections, 0.65(near the mid of blades), 0.80 
(close to the blade tip and duct inner surface) are selected for comparison. 
 The prediction of pressure distribution by full wake alignment model are in very 
good agreement with the full blown RANS simulation as well as the RANS/VLM 
coupling method at different radial sections and under different loading conditions, which 






Figure 4.25 Correlation of pressure distribution at the radial section r/R=0.65 at Js=0.30 
 




















































































































Figure 4.27 Correlation of pressure distribution at the radial section r/R=0.65 at Js=0.40 
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Figure 4.29 Correlation of pressure distribution at the radial section r/R=0.65 at Js=0.50 
 








































































































































 Besides the pressure distribution on the blades, it is of equal significance to 
evaluate the pressure distribution on the duct. In Figure 4.32, a correlation of the pressure 
distribution along a duct strip aligned with the pitch of the duct panels is made between 
the panel method with full wake alignment and full blown RANS simulation under 
design loading condition (Js=0.40). It should be noted that in the panel method, the 
evaluated points form a continuous strip. However, in order to have points fitted into the 
fluid domain of the full blown RANS simulation, they need to be rotated by angles 
dependent on the number of blades and as can be seen in Figure 4.31, the continuous strip 
from the panel method has to be broken into several strips. Since periodic interface has 
been applied, such operations are reasonable and would not affect the correctness of the 
pressure extracted from the full blown RANS simulations. 
 





Figure 4.32 Correlation of pressure distribution along a duct strip aligned with the pitch 
of duct panels at Js=0.40 
 


































































































In Figure 4.34, the correlation of pressure distribution along an axial strip of the 
duct (Figure 4.33) is shown between the panel method with full wake alignment and the 
full blown RANS simulation. 
 
Figure 4.34 Correlation of pressure distribution along an axial strip of the duct at Js=0.40 
 Reasonable correlations have been found for most of the part in Figure 4.32 and 
4.34. However the pressures from the two sides of the duct do not match well at the 
trailing of the duct, which needs to be addressed in future work. On the other hand, there 
is a pressure spike within the wake area, which might be caused by the tip vortex from 
other blades. In Figure 4.35-4.38, the correlations of the circumferential pressure 
distribution at axial location of x=-0.35 and 0.35 are shown. In addition, the 

































































































































































Figure 4.35 Correlation of circumferential pressure distribution at x=-0.35 under Js=0.40 
 































































Figure 4.37 Correlation of circumferential pressure distribution at x=0.35 under Js=0.40 
 
Figure 4.38 Circumferential distribution of potential from the panel method at x=0.35 
under Js=0.40 
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 Similar correlations of the pressure distribution along different strips are 
conducted under a lower loading condition Js=0.60. In Figure 4.39, a correlation of the 
pressure distribution along a duct strip aligned with the new pitch of the duct panels 
under Js=0.60 is made between the panel method with full wake alignment and full 
blown RANS simulation. 
 
Figure 4.39 Correlation of pressure distribution along a duct strip aligned with the pitch 





























































































































In Figure 4.40, the correlation of pressure distribution along an axial strip of the 
duct (Figure 4.33) is shown between the panel method with full wake alignment and the 
full blown RANS simulation. 
 
Figure 4.40 Correlation of pressure distribution along an axial strip of the duct at Js=0.60 
 
In Figure 4.41 and Figure 4.38, the correlations of the circumferential pressure 




























































































































































































































Figure 4.41 Correlation of circumferential pressure distribution at x=-0.35 under Js=0.60 
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 Comparison  of Computational Efficiency  4.4.5
 
 Since in the present lower order panel method, it is not necessary to grid the 
whole fluid domain, making the panel method much more computationally efficient than 
the full blown RANS simulations. In the current case, the panel method takes only about 
1/60 of the CPU time, while using only one processor versus 32 processors used in the 
case of full blown RANS simulations. In addition, the time devoted in gridding for the 
full blown RANS can take several days while it is negligible for the panel method.  
 
Method Full blown RANS PANEL METHOD 
Cell No. Over 5 million cells 
Less than 12K panels 
(10 iterations for wake) 
Total running time Over 30 hours (32 CPUs) 30 minutes (1 CPU) 
 
Table 4-2 Computation efficiency comparison between the panel method and the full 
blow RANS simulation 
 
4.5 Ducted Propeller with Square Blade Tip and Sharp Trailing Edge Duct 
 
In this part, the lower order panel method would be applied to a ducted propeller 
with square blade tip and a sharp trailing edge duct. Two different wake alignment 
models, PSF-2 type wake scheme and full wake alignment scheme will be involved. 
The overall forces predicted by the present panel method will be correlated with 
that from the full blown RANS simulation and experimental measurements. Since the 




of cavitation flow, related correlations would be performed between the panel method, 
and the full blown RANS simulation. 
The geometry of the ducted propeller and the 2-D section of its duct are indicated 
in Figure 4.43. It is a 4-blade propeller with square blade tip and bounded within a sharp 
trailing edge duct 19Am. The duct 19Am is modified by MARIN from duct 19A which 
has a blunt trailing edge that the current panel method cannot well resolve because of the 
recirculation region. The design advance ratio    of this propeller is around 0.50. No gap 
is included in this case.  
         
Figure 4.43 Geometry of the ducted propeller with square blade tip and the two 
dimension section of the sharp trailing edge duct 
 
 Lower Order Panel Method 4.5.1
 
For the lower order panel method, 80  0 (chordwise spanwise) and 200 80 
(chordwise circumferential) panels are used to resolve the blade and duct. Two wake 
models, PSF-2 wake model and full wake alignment (FWA) scheme, are adopted. For all 






ultimate wake disk, while the full wake alignment scheme models blade wakes of one 
revolution. It takes about 30 minutes and 3 minutes for full wake alignment and PSF-2 
wake model to complete the run on a single core of Intel Xeon 2.54 GHz CPU. The wake 
geometry from the two models at    0.4, 0.5 and 0.6 are shown in Figure 4.44-4.49. 
 
Figure 4.44 Wake geometry generated from PSF-2 wake model at   =0.40 
 
 





Figure 4.46 Wake geometry generated from PSF-2 wake model at   =0.50 
 
 






Figure 4.48 Wake geometry generated from PSF-2 wake model at   =0.60 
 
 





At high loading, the contraction rate of the transition wake is set as zero in PSF-2 
wake scheme and the model did not predict the contraction of the transition wake radius. 
While in full wake alignment model, the rollup of the wake sheets at low advance ratios 
is well predicted. 
As will be shown shortly at all loading conditions, whether contraction of the 
wake radius has been well predicted (FWA) or not (PSF-2) plays a significant role in if 
an accurate prediction of force can be obtained. 
 
 Full Blown RANS simulation 4.5.2
 
 The full blown RANS simulation are performed within ANSYS Fluent as well as 
Star-CCM+ in which periodic interfaces have been applied such that for the present 
propeller only a quarter of the whole fluid domain is necessary for further simulation. In 
addition, to better resolve the boundary layer structures on the blades and duct, structured 
meshing model has been adopted. The same gridding model has been used for the trailing 
wake of the blades and duct in order to reduce the possible artificial diffusivity.  
As also listed in the Table 4.3, k-ω SST turbulence model is adopted. QUICK 
scheme is used for the spatial discretization and SIMPLEC scheme for the pressure 
correction. Over 6 million polyhedral cells are used to simulate a quarter of the domain 
with periodic boundary condition. It takes over 32 hours on 32 Intel Xeon 2.54 GHz 






Cell number Over 6 million 
Reynolds number 1.0E+6 
Turbulence Model k-ω SST 
Pressure Correction Scheme SIMPLEC 
Spatial discretization QUICK 
CPU Type Intel Xeon 2.54 GHz CPU 
Total time for calculation (32 CPUs) Over 32 hours 
 




4.5.3.1 Force Performance 
 
 The overall forces, i.e. thrust and torque predicted by the lower order panel 
method with PSF-2 type scheme and the improved full wake alignment scheme are 
correlated with that from experimental measurements and the full blown RANS 
simulation, as shown in Figure 4.50. 
It is observed that the panel method with PSF-2 type scheme always greatly 
overestimates the thrust and torque on the propeller. On the other hand, by applying the 
improved full wake alignment, the predicted forces agree well with both experimental 
data and full blown RANS simulations at most advance ratios. Only at very high loading 













Figure 4.50 Correlation of the lower order panel method about the thrust on the blades 


























Figure 4.51 Correlation of the lower order panel method about the torque on the propeller 































4.5.3.2 Detailed Pressure Distribution  
 
 Figure 4.52-Figure 4.57 present the detailed correlations of pressure distribution 
on the propeller blades under three different loading conditions: high loading condition 
(Js=0.40), design loading condition (Js=0.50) and low loading condition (Js=0.60). For 
each loading condition, two radial blade sections, 0.65(near the mid of blades), 0.86 
(close to the blade tip and duct inner surface) are selected for comparison. 
 The predictions of pressure distribution by full wake alignment model are in very 
good agreement with the full blown RANS simulation at different radial sections and 
under different loading conditions. 
 
 





































































Figure 4.53 Correlation of pressure distribution at the radial section r/R=0.86 at Js=0.40 
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Figure 4.55 Correlation of pressure distribution at the radial section r/R=0.86 at Js=0.50 
 




































































































































Figure 4.57 Correlation of pressure distribution at the radial section r/R=0.86 at Js=0.60 
 
 Comparison of Computational Efficiency 4.5.4
 
 Since by applying the lower order panel method, it is not required to grid the 
whole fluid domain, making the panel method much more computational efficient than 
the full blown RANS simulations. In the current case, the panel method takes only about 
1/60 of the CPU time, while using only one processor versus 32 processors used in the 
case of full blown RANS simulations. In addition, the time devoted in gridding for the 



































































Method Full blown RANS PANEL METHOD 
Cell No. Over 6 million cells 
Less than 12K panels 
(10 iterations for wake) 
Total running time Over 32 hours (32 CPUs) 30 minutes (1 CPU) 
 
Table 4-4 Computational efficiency comparison between the panel method and the full 
blown RANS simulation 




















Chapter 5 Evaluation of Viscous Effects on Duct 
 
So far the algorithm of resolving the effects of viscosity, though theoretically 
introduced within the scheme of viscous/inviscid interactive method in Chapter 2 and 
Chapter 3, has not been validated through actual cases yet. 
 In this chapter, the viscous/inviscid interactive method will be applied to the 
analysis of the axisymmetric flow of a long duct, the axisymmetric of a bare duct with 
non-zero trailing edge thickness and the three-dimensional flow around a ducted 
propeller with a blunt trailing edge duct. It should be noted that for the latter two cases, 
the recirculation zone around the blunt trailing edge of the duct cannot be well addressed 
by the present method. Therefore an extension scheme originally proposed by Pan (2009) 
has been improved to reasonably modify the blunt trailing edge to a sharp one such that 
further calculation can be carried out. 
5.1 Long Duct  
 
The three dimensional viscous/inviscid interactive method is applied for validation 
to the case of a long duct with relatively large ratio of chord length over duct radius in 
which the boundary layer effects is more prominent. The geometry of the long duct is 





Figure 5.1 Geometry of the long duct 
 
The discretization of the duct surface and the duct wake by applying the 
viscous/inviscid interactive method is shown in Figure 5.2. Structured gridding has been 
adopted, which has been proven to be particularly essential for resolving the wake 
structures. 
 
Figure 5.2 Structured gridding of the long duct in viscous/inviscid interactive method 
 
 In order to have reliable correlation of the interactive method, an axisymmetric 
RANS simulation with the same duct shape is performed in ANSYS Fluent. The RANS 




its Reynolds number at 4E+6. k-w SST turbulence model is used. SIMPLEC scheme is 
applied for the pressure correction scheme and QUICK scheme is adopted for the spatial 
discretization. It takes about 3 hours on 8 Intel Xeon 2.54 GHz CPUs for the residuals to 
be lower than 1E-6. The dimension as well as the boundary conditions of the flow 
domain is shown in Figure 5.3. 
 
Figure 5.3 Dimension and boundary condition of the RANS simulation 
 In the RANS simulation, the gridding close to the long duct is of essential 
importance since it determines whether or not the boundary layer about the body can be 
well resolved. In this case, the mesh around the long duct is fine enough as the value of 





Figure 5.4 Fine mesh around the leading edge of the long duct in RANS simulation 
 
The correlations between the viscous/inviscid interactive method and the 
axisymmetric RANS simulation are made on the distributions of pressure and skin 
friction on the duct, as shown in Figure 5.5 and Figure 5.6. An axisymmetric formulation 
instead of 3-D formulation has been developed and applied for this specific case. 
It can be seen that the present viscous/inviscid interactive method can accurately 
predict the pressure distribution on the duct surface. On the other hand, it can also render 
relatively good prediction of the skin friction coefficient on the duct, which is an 










Figure 5.5 Correlation of the chordwise pressure distribution on the long duct between 

























Figure 5.6 Correlation of the chordwise distribution of skin friction on the long duct 



















5.2 Extension Scheme  
 
 In the case of a bare duct with blunt trailing edge or a ducted propeller with a 
blunt trailing edge duct, there will be a considerable recirculation zone around the duct 
trailing edge, which cannot be well resolved by the present method. To make the method 
applicable, the trailing edge of the duct should be reasonably extended to a sharp one. It 
should also be noted that the modification is expected to applied only to the aft part of the 
duct, the forward part should be maintained as it is. 
An extension scheme was proposed by Pan (2009) in which the trailing edge of 
the duct is extended linearly. The scheme was improved by Yu (2012) by using quadratic 
polynomials. Purohit (2013) further improved the scheme and applied it the three 
dimensional ducts with and without propellers. So far the location of cut planes indicating 
the starting point of the extension is determined arbitrarily. It is expected to have a 
rational criterion of determining that location. Considering that the location is an 
implication of the starting point of flow separation, in this chapter the skin friction    is 
used as the specific criterion, as will be seen in more details later. 
 Algorithm 5.2.1
 
 In Figure 5.7 an original duct shape with blunt trailing along with its shape after 
extension is shown. The algorithm for the extension scheme via quadratic polynomials is 





Figure 5.7 Duct with blunt trailing edge and the modified shape after extension 
 
 
Figure 5.8 Algorithm of the extension scheme 
 
As the first step, the locations of starting points or hereby referred as cut planes, 
need to be decided on both sides of the duct. Different selections of such locations would 
produce quite different shapes after the extension. Therefore as aforementioned, a 
rational criterion should be implemented. Since the skin friction is a typical implication 
about where the flow separation starts, the condition of      is then used as the specific 




extension is done in a linearly way, that is, the shape after the cut planes is composed of 
two straight lines. A horizontal coordinate        can be obtained at the joint point of 
the two straight lines. In the next iterations, the horizontal coordinate of the new trailing 
edge is always fixed at       , that is, only the vertical coordinate is varied to get 
different shapes. One a new vertical coordinate of the trailing edge is guessed, it is 
connected to the cut planes on both sides of the duct by using quadratic polynomials. The 
following conditions in Table 5.1 regarding the continuity of the geometry as well as 
slope should be satisfied in order to render a smooth duct shape. The iteration continues 
until the pressures at the points where the original trailing edge is located (here point   
and  ) become the same. This condition is henceforth referred as pressure equality 
condition and it has different standards under scenarios of bare ducts and ducted 
propellers. In the case of bare duct where the problem is axisymmetric, the pressures at 
different circumferential strips would be the same, and thus the pressure equality 
condition could be satisfied at any strips. While in the case of ducted propeller, the 
pressures at different circumferential strips would be different, the pressure equality 
condition is to be satisfied for the circumferential averaged pressure on the duct. 
 




5.3 Bare Duct with Blunt Trailing Edge 
 
 The extension scheme is applied to the bare duct shown in Figure 5.9, which has 
an almost horizontal suction side. In this case, the separation on the suction side is 
expected to start right at the original trailing. For the flow along the pressure side, a 
rational location for the cut plane would be determined, as will be seen shortly. Unlike 
the case of the long duct in previously chapter, the duct investigated here has a relatively 
small chord length / radius ratio, making it more challenging for the viscous-inviscid 
interactive method for resolve the effects of viscosity. Also as an accelerating duct, this 
duct shape is typical of specialized ducts practically used in the industry. 
 
Figure 5.9 Original and modified shape of the bare duct 
 
 Determination of Cut Planes 5.3.1
 
 The two-dimensional boundary layer solver utilized in the viscous/inviscid 
interactive method currently cannot satisfactorily solve the boundary layer structure when 
a blunt trailing edge is in presence. To determine the location of separation points 
(    ) so that the cut planes could be reasonably placed, an axisymmetric RANS 




resulted distribution of pressure and boundary layer structure parameters will be used for 
detailed correlation. The flow domain dimension and boundary conditions of the RANS 
simulation are presented in Figure 5.10. 
 
Figure 5.10 The flow domain and boundary condition of the RANS simulation 
 In order to capture the boundary layer structures, the mesh around the bare duct is 
made very fine through the enhance wall function in ANSYS Fluent, as shown in Figure 
5.11. The value of wall    is controlled with      . With the presence of blunt trailing 
edge, the recirculation region needs also to be well meshed. 
 It should also be noted that the duct here is extracted from its corresponding 
ducted propellers. For better evaluation, the bare duct has been rotated about its leading 
edge so that an optimal angle of attack is achieved. The duct is rotated until there is no 





Figure 5.11 Fine gridding within the boundary layer and the recirculation zone 
 
 
Figure 5.12 Contour of vorticity magnitude within the flow domain 
 
The contour of vorticity magnitude from the axisymmetric RANS simulation is 
shown in Figure 5.12. A noticeable recirculation region is observed around the trailing 
edge. Since the duct has an almost horizontal suction side, the flow on this side begins 




observed from 96% duct length from the leading edge and this location is then used for 
the cut plane. 
 Correlation 5.3.2
 
 The bare duct is modified through the present extension scheme by using the cut 
plane decided from the axisymmetric RANS run. The geometry and grid in the present 
viscous/inviscid interactive method is shown as in Figure 5.13. 
    
Figure 5.13 Geometry and gridding in viscous/inviscid interactive method 
 The circumferentially averaged pressure distribution on the duct from the 
viscous/inviscid interactive method is compared to that from the axisymmetric RANS 
simulation in Figure 5.14. In addition, the distribution of skin friction along the duct 
surface is also shown in Figure 5.15. 
 It should be noted that the axisymmetric RANS simulation adopts the original 





Figure 5.14 Correlation of pressure distribution 
 
 



























 As can be observed, despite the challenging shape of duct, the results from the 
viscous/inviscid interactive method agree quite well with that from the RANS simulation. 
Also it is inspiring that the two-dimensional boundary layer solver performs well to 
extract information of the boundary layer structures. The effectiveness of the present 
extension scheme is also validated via this case. 
5.4 Extension Scheme for Ducted Propeller with Blunt Trailing Edge Duct 
 
 A 4-blade ducted propeller from which the bare duct shape in last section is 
extracted is investigated in this section with the present extension scheme. An infinite 
long cylindrical hub is included in the study. The design advance ration of this propeller 
is around 0.70. The hybrid method that couples a potential Vortex-Lattice Method (VLM) 
solver with a RANS solver is also applied for detailed correlation. The correlation is 
carried out at the design advance. The 3-D geometry of the ducted propeller along with 
the 2-D section of its duct is shown in Figure 5.16. 
      













 With a round-tip propeller in presence, the pressures at different circumferential 
strips would be different and the pressure equality condition of the extension scheme is to 
be satisfied for the circumferentially averaged pressure on the duct. 
 RANS-VLM coupling method 5.4.1
 
 The body force within the blade zone of the RANS simulation is shown in Figure 
5.17. As aforementioned, a reliable body force interpolation scheme has been here 
applied. Also shown in Figure 5.18 is the axial component of the effective wake 
calculated at the last iteration. 
 






Figure 5.18 Contour of the axial velocity component of the effective wake 
 calculated at the last iteration  
 The flow is found to starting separating from the pressure side of the duct from 96% 
duct length from the original trailing edge, which would be reasonably used as the cut 
plane location in the calculation of viscous/inviscid interactive method. 
 Correlations 5.4.2
 
           
Figure 5.19 Extended duct shape and gridding of the ducted propeller in the 
viscous/inviscid interactive method 
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 The duct shape in the viscous/inviscid interactive formulation is modified through 
the extension scheme and based on the separation point found in the RANS-VLM run 
above. The section of the extended duct and the paneling of the ducted propeller are 
shown in Figure 5.19. 
The pressure calculated by the viscous/inviscid interactive method is correlated 
with that from the RANS/VLM coupling method. As is similar to bare duct case, the 
present interactive method can render fairly good prediction in terms of pressure. On the 
other hand, correlation of skin friction coefficient is presented in Figure 5.20, from which 
it is concluded that under the strong influence of the propeller, the two-dimensional 
boundary layer solver cannot satisfactorily resolve the boundary layer on the duct.  
 



















Besides the duct, the performance of the bounded propeller needs also to be 
evaluated after the extension. The circulation about the blade is correlated in Figure XX. 
The two methods agree mainly very well except at the blade station near the hub. 
 





























In this thesis, an improved full wake alignment scheme has been implemented for 
cases of ducted propellers by aligning the trailing wake with the local velocity. The 
effects of the singularities on the duct and duct trailing wake, which used to be neglected, 
are included in the improved scheme. It has been adopted by a lower order panel method 
for prediction of performance of ducted propellers. It is observed the improved wake 
model can well represent the characteristics of roll-up at the wake tip especially under 
high loading conditions. It is further confirmed that at low advance ratios, whether 
contraction of the wake radius has been predicted (full wake alignment) or not (PSF-2 
type scheme) will significantly affect the predicted overall force performance of the 
propeller. The predicted force from the panel method with either wake model agree well 
with experimental data, full blown RANS simulations and a RANS/VLM coupling 
method at high advance ratios. However, as the advance ratio becomes smaller, the force 
predicted by the PSF-2 type scheme starts deviating from that from other methods. At the 
same time, the force from the full wake alignment model is still in good agreement with 
full blown RANS simulations and experimental measurements. The detailed pressure 
distribution on the blades and duct surface has also been investigated the related 
correlations has been performed between the lower order panel method and a 




been achieved by the full wake alignment model at several radial sections and under 
various loading conditions for two different types of ducted propellers. 
An extension scheme has been initially proposed by Pan (2009) and subsequently 
developed by Yu (2012) and Purohit (2013) for reasonable modification of the aft part of 
bare ducts with non-zero trailing edge thickness or ducted propellers with blunt trailing 
edge duct. In this thesis, a major improvement has been to set up the rigorous criterion of 
Cf =0 for determining the cut planes or the starting points of the extension.   
To involve the effects of viscosity into analysis, a viscous/inviscid interactive 
method has been introduced and applied to different types of flows: the axisymmetric 
flow of a long duct, the axisymmetric of a bare duct with non-zero trailing edge thickness 
and the three-dimensional flow around a ducted propeller with a blunt trailing edge duct. 
For the latter two cases, the recirculation zone around the blunt trailing edge of the duct 
cannot be well addressed by the present method. Therefore the improved extension 
scheme has been utilized for reasonable modification.  Satisfactory agreement of the 
pressure distribution on the duct has been obtained between the interactive method and 
other methods, i.e. the axisymmetric RANS simulation and the RANS/VLM hybrid 
method.   
6.2 Recommendations 
 
In the improved full wake alignment scheme, the process of repaneling the duct has 
been involved which might cause the following problems. The paneling in the mid part of 




usually applied for better resolution of the blade leading edge and trailing edge. Thus 
there will be an abrupt transition of panel size from the last panel of the mid part to the 
first panel to the aft part of the duct. Also since the panel size in the aft part of the duct is 
largely decided by the blade wake, there might be panels of large size near the trailing 
edge of the duct, causing some problem of satisfying the iterative Kutta condition within 
the present panel method. Efforts must be made to overcome these types of numerical 
inaccuracies. 
 In the current viscous/ inviscid interactive method, only the effects of viscosity on 
the duct have been assumed and investigated. It is also crucial to obtain the viscous 
influence on the propeller blades. The current interactive formulation should also be 
applied to the blades so that a more reliable performance prediction of open propellers as 


































Appendix A. Study for Duct alone with Straight and Distorted Panels 
 
 In this chapter, a study for duct alone with straight and distorted panels is 
presented. The duct shape from the round tip ducted propeller in Chapter 4 is adopted. 
The distorted panels are exported from the run where the propeller is in presence and the 
duct panels are aligned with the blade wakes. Since the pitch of the blade wakes 
decreases as the loading of the ducted propeller increases, distorted panels are obtained at 
the design loading condition. Such distorted panels are then loaded into the duct alone 
case for study of effects of duct paneling on the performance of the present panel method. 
 The duct propeller run is firstly executed at Js=0.40 with 200×80 (chordwise × 
circumferential) panels for resolving the duct surface. It should be noted that 80 elements 
in the circumferential direction would result to 20 panels between blades for a 4-bladed 
propellerThe duct paneling from the run of ducted propeller is shown as Figure A.1. 
 
Figure A.1 Distorted panels (120×80, red dotted line) from ducted propeller run 




 In Figure A.2, a correlation has been made between the circumferentially 













Figure A.2 Correlation of circumferentially averaged pressure distribution between 
straight duct panels (120×80) and distorted or aligned duct panels (120×80) 
 
Two unreasonable pressure spikes have been observed which are assumed to be 
caused by not having enough panels for resolving the duct. Therefore a similar run of 
ducted propeller is performed with an increased number of panels (120×160) on the duct. 
The new correlation of circumferentially averaged pressure distribution between the 




















Figure A.3 Correlation of circumferentially averaged pressure distribution between 
straight duct panels (120×80) and distorted or aligned duct panels (120×160) 
 
 Figure A.3 shows that as the number of circumferential panels on the duct is 
increased, the result from the distorted duct panels agrees very well with that from the 
straight duct panels. This is reasonable since in order to follow the blade wake pitch, the 
aligned duct panels would have large skewness and more panels would be required to 
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